Abstract -The static dielectric function in AA-stacked bilayer graphene (BLG), subjected to an electric field applied perpendicular to layers, is calculated analytically within the random phase approximation (RPA). This result is used to calculate the screened Coulomb interaction and the electrical conductivity. The screened Coulomb interaction, which here can be tuned by the perpendicular electric field, shows a power-law decay as 1/(γ 2 + V 2 ) at long-distance limit where V and γ are the electrical potential and the inter-layer hopping energy respectively, indicating that the Coulomb interaction is suppressed at high perpendicular electric fields. Furthermore, Our results for the effect of the short-range and the long-range (Coulomb) scattering on the electrical conductivity show that the short-range scattering yields a constant electrical conductivity which is not affected by the perpendicular electric filed. While the electrical conductivity limited by the Coulomb scattering is enhanced by the perpendicular electric field and increases linearly in V 2 at small V with a finite value at V = 0, indicating that we can tune the electrical conductivity in AA-stacked BLG by applying a perpendicular electric field.
Introduction. -Single layer graphene (SLG), an isolated layer of graphite, shows many interesting properties [1, 2] originated from its chiral linear low energy spectrum dominated by a massless Dirac-like equation. Stacking order of graphene layers can change dramatically(or greatly) these properties leading, for example, to the gapless parabolic spectrum for AB-stacked BLG showing properties [3, 4] which are different from those in graphene. Recently a new stable order of few-layer graphene, few-layer graphene with AA stacking order, has been observed in experimental researches [5, 6] . In this staking order of graphene layers, each sublattice in a top layer is located directly above the same one in the bottom layer. They have a special band structure composed of SLG-like band structures with different doping which depend on the number of layer and the inter-layer hopping energy [6] [7] [8] . Recently, AA-stacked BLG has been studied in theoretically, leading to discovery of some interesting properties [9] [10] [11] [12] [13] [14] which mainly originate from its special low energy band structure.
One of the most fundamental physical quantities is static polarization function. Knowing this quantity is essential to study many fundamental properties, e.g., the RKKY interaction between magnetic adatoms, Kohn anomaly in phonon dispersion and the carrier transport through screened coulomb interaction by charged impurities. The static polarization function of SLG [15] [16] [17] [18] [19] [20] [21] and AB-stacked BLG [22] [23] [24] , in recent years, have been studied extensively. The main result of these works is the vanishing (enhanced) 2k F backscattering in SLG (BLG) (k F is the Fermi wave vector.), which plays a key role in determining low density and low temperature carrier transport, resulting in different features for SLG and BLG. In a recent research [25] , the AA-stacked BLG static polarization has been calculated analytically. One of aims of this paper is to calculate analytically the AA-stacked BLG static polarization in the presence of an electric field applied perpendicular to layers, which can be use to tune the properties of AA-stacked BLG.
The other purpose of our work is to calculate the carrier transport in AA-stacked BLG and to investigate effects of the perpendicular electric filed on it. The carrier transport in SLG [1, 15, [26] [27] [28] [29] [30] and AB-stacked BLG [3, [31] [32] [33] [34] is controlled mainly by two scattering mechanisms, (i) the long-range Coulomb scattering by random chared impurities located in the substrate near the graphene layers p-1 and (ii) the the short-range disorder scattering coming, for example, from the zero range point defects, or resonant short-range scattering, or other mechanisms. The first is often dominant in controlling the carrier transport in SLG, leading to linear dependence of its conductivity on carrier density beside weak temperature dependence of its conductivity. While the later becomes important in high mobility samples of SLG. On the other hand, both scattering mechanisms contribute significantly to determine the carrier transport in AB-stacked BLG, leading to the strong insulating temperature dependence of ABstacked BLG conductivity beside the linear dependence of AB-stacked BLG conductivity on carrier density at high carrier densities. Moreover, AA-stacked BLG lattice has some similarities with both SLG and AB-stacked BLG. The band structure of AA-stacked BLG is composed of two SLG-like spectrum. In addition, the Thomas-Fermi screening wave vector in AA-stacked BLG, similar to ABstacked BLG and in contrast to SLG, is constant and independent of chemical potential. This can lead to different screened Coulomb impurity potential with respect to that in SLG. Due to these features, it is reasonable to take into account both short-and long-range scattering as key scattering mechanisms in controlling the carrier transport, to study the the carrier transport in AA-stacked BLG. This is what we want to do in this paper. This paper is organized as follows. In the section II, we introduce the tight-binding Hamiltonian describing the low energy quasiparticle excitation in AA-stacked BLG, subjected to an electric field applied perpendicular to layers, and obtain corresponding eigenvalues and eigenfunctions. Section III is devoted to obtain an analytical relation for the static polarization function of AA-stacked BLG and we use this result to consider the effect of the perpendicular electric filed on the Coulomb interaction in AA-stacked BLG. In section IV, we consider the electrical conductivity, limited by short-and long-range scattering, and show how one can tune the electrical conductivity in AA-stacked BLG by making use of a perpendicular electric field. Finally, we end our paper by summary and conclusions in section V.
Model Hamiltonian. -In an AA-stacked BLG lattice which is composed of two SLG, each sublattice in the top layer is located directly above the same one in the bottom layer. The unit cell of an AA-stacked BLG consists of 4 inequivalent Carbon atoms, two atoms for every layer ( fig. 1) . Moreover, the presence of the bias voltage creates a potential +V in the top layer and −V in the bottom layer. Thus its Hamiltonian, in the nearest-neighbor tight-binding approximation, is given by
Fig . 1 : A segment of AA-stacked BLG lattice structure. d1, d2 and d3 are three vectors that are drown from a sub-site to its nearest neighbors.
where
are creation operators of an electron with momentum q at A(B) sublattice in nth-layer. γ is the inter-layer hopping energy and φ(q) = −t
, a/2) and d 3 = (0, −a) are the nearest neighbor vectors ( fig. 1 ) with a being the shortest CarbonCarbon distance. To obtain the Hamiltonian dominates the low-energy excitations, which occur near Dirac points (K and K ′ ), we must expand φ(q)(φ * (q)) for |k| ≪ |K| around Dirac points where q = k + K. If we expand the Hamiltonian around
5 ms −1 is Fermi velocity. Our results for the corresponding low-energy eigenvalues and eigenstates are given by
where s = ±, λ = ± and γ ′ = γ 2 + V 2 . Here |k| = k 2 x + k 2 y is the amount of the two-dimensional momentum measured from Dirac points and θ k = tan −1 (k y /k x ). Notice, the low energy band structure of AA-stacked BLG is a composition of two electron-doped and hole-doped SLG-like band structures [6] [7] [8] , which for some properties behave like decoupled bands leading to many attractive properties not been observed in the other graphene-based materials so far [9] [10] [11] [12] [13] [14] . The low energy density of states of AA-stacked BLG is
where multiple g = 4 is due to the spin and valley degeneracies. The low energy band structure and the density of states of AA-stacked BLG, for different values of the bias voltage, have been shown in fig. 2 .
Static polarization function and charge-carrier screening. -The static dielectric function in the low energy excitation limit, where inter-layer and intra-layer Coulomb interactions are approximately equal, and within RPA is given by
where Π(q) is the static polarization function and κ is the background dielectric constant. The static polarization function of AA-stacked BLG is given by
is the overlap of electron and hole wave-function, F In this paper, we only calculate the polarization function of the AA-stacked BLG in undoped regime at zero temperature. In this case the static polarization function of AA-stacked BLG can be written as sum of two SLG static polarization function with µ = γ ′ and µ = −γ ′ which, as it has been shown before [8] , are equal. Therefore, the static polarization function of undoped AA-stacked BLG is equal to that of a doped SLG with µ = γ ′ which can be written as
where the first term, which is equal to the static polarization of the undoped SLG, is gq/16hv F . The second term can be easily calculated similar to what done in Ref. [8, 15] .
, for q ≤ 2γ ′ /hv F , and
for q > 2γ ′ /hv F . Notice that the static polarization function of AA-stacked BLG, for q ≤ 2γ ′ /hv F , ( similar to that in doped SLG and ordinary 2DEG) is a constant metallic-like polarization, even in the absence of doping. This constant polarization, in zero limit of the perpendicular electric field, is only depend on the inter-layer hopping energy and on the Fermi velocity v F . Moreover, it can be tuned by a perpendicular electric field. For q > 2γ ′ /hv F , AA-stacked BLG, similar to SLG, has a insulating-like polarization which increases linearly in q. Furthermore, the value of a momentum, at which a crossover from metallic to insulating screening takes place (q = 2γ ′ /hv F ), can be tuned electrically and this allow us to suppress the insulating screening effects via a perpendicular electric filed.
The static screening, in the long wave-length limit, is given by ǫ(q) ≈ 1 + q T F /q where q T F is the ThomasFermi wave-vector. For the biased AA-stacked BLG, Thomas-Fermi wave-vector is q T F = 2πe
F which, similar to that in ordinary 2DEG and in contrast to that in SLG, is independent of carrier concentration.
Moreover, the electrical field dependence of the static dielectric function allow us to tune charge screening in AA-stacked via an electric field applied perpendicular to layers and manipulate some attractive properties of AAstacked BLG [11] arising from Coulomb interaction of electrons. This feature can be seen, explicitly, in electrical potential dependence of the long-distance behavior of Coulomb interaction. The long-distance behavior of longrange Coulomb interaction consist of two parts, a nonoscillatory term coming from long wave-length behavior of the static polarization (Thomas-Fermi approximation) and a Friedel-oscillation part arising from a discontinuity occurring in the second derivative of the static polarization. The non-oscillatory part, which can obtained by making use of Thomas-Fermi dielectric function, is given by
with H 0 and Y 0 being the Struve and the Bessel functions of the second kind. The asymptotic form of this term at large distance is given by
It is evident that by increasing V this part decreases as 1/(γ 2 + V 2 ) leading to a suppressed interaction at high electric field.
The Friedel-oscillation part, which originates from a discontinuity occurring in the second derivative of the static polarization, can be calculated by making use of a theorem of Lighthill [35] . To obtain these terms we must use the asymptotic form of the the Bessel function. Therefore, we have
where k
This integral can be easily calculated [8] which becomes
where α = e 2 /κhv F . Friedel-oscillation part, similar to non-oscillatory part, depend on electrical potential as 1/(γ 2 + V 2 ), but with an extra oscillatory coefficient, cos(2r γ 2 + V 2 /hv F ) whose periodicity can be tuned by the electric field.
Carrier transport. -We use Boltzmann equation to calculate the carrier transport in AA-stacked BLG, motivated by this fact that the theoretical results obtained from this equation for the carrier transport in SLG [1, 15, 26, 29, 30] and AB-stacked BLG [3, 32, 33] are in good agreement with the reported experimental results. It is logical to suppose that the charge carrier in AA-stacked BLG, even in absence of doping, behave like a homogenous electron gas. This is due to the large density of state at Fermi level, the average carrier density is always larger than the fluctuations in carrier density and this prevents from formation of electron-hole puddle structures induced by the charged impurities which is observed in SLG and AB-stacked BLG close to the charge neural point. Moreover, since the low energy bands with different s index band in AA-stacked BLG behave like decoupled bands, the electrical conductivity of AA-stacked BLG can be written as sum of two terms for SLG electrical conductivity with E F = −γ ′ and E F = +γ ′ . The electrical conductivity in a homogenous electron gas of massless chiral Dirac charged carriers is given by
where v l (q)(v s (q)) is the matrix elements of the long-(short-)range scattering potential between an electron and an charged impurity (a point defect) and n l (n s ) is the corresponding impurity density. The long-range Coulomb interaction is given by v l (q) = 2πe 2 e −qd /κq with d being the average distance of charged impurity from AA-stacked BLG. The short-range interaction is v s (q) = v 0 = const. In this paper we only consider zero temperature case. Therefore we have σ = It is interesting to compare the role of the short-range and Coulomb scattering in controlling the electrical conductivity in AA-stacked and also to see how the perpendicular electric filed affects on each contribution. We can write the electrical conductivity as are the electrical resistivity arising from short-rang and Coulomb scattering respectively, and Λ s and Λ l are given by
and
with λ =hv F q/2 γ 2 + V 2 and r s = e 2 /hv F κ being the dimensionless Wigner-Seitz radius in graphene which is a constant. It is evident that, due to the nonzero density of state at Fermi energy level, even in the absence of doping and at V = 0, AA-stacked BLG shows a finite electrical conductivity. Moreover, Eq. (14) shows that the shortrange scattering yields a constant electrical conductivity which only changes by varying the substrate resulting in different substrate dielectric constant (and consequently different r s ). Another result, which is more interesting, is that we can enhance σ l by applying a perpendicular electric filed (black line in fig. 3 ). This term increases linearly in V 2 (black line in fig. 3 ) with a nonzero value at V = 0 which depends on the interlayer hopping energy p-4 and r s . This is similar to what has been reported for SLG [15, [26] [27] [28] [29] [30] . This can be explained by this fact that, due to the special staking order of AA-stacked BLG, the electrical conductivity of AA-stacked BLG is equal to that of a doped SLG with finite k F which in the presence of an electric field applied perpendicular to layers is √ Moreover fig. 3 shows that when n s /n l ≪ 1 the Coulomb scattering is dominant and the electrical conductivity increases linearly in V 2 (black and red lines in fig. 3 ), but for large n s /n l (green line in fig. 3 ) the shortrange scattering becomes important, leading to sub-linear dependence of the conductivity on V 2 at large V similar to what has been reported for the conductivity of high mobility sample of SLG [28, 29] .
Summary and conclusions. -In summary, we first calculate analytically the static dielectric function in AAstacked BLG in the presence of an electric field applied perpendicular to layers within the random phase approximation. Then we obtained analytical relations for the Friedel-oscillation and the non-oscillatory parts of the long-distance limit of the screened Coulomb interaction, which shows explicitly their dependence on the applied perpendicular electric field. This expression revealed that the Coulomb interaction in AA-stacked BLG is suppressed at the high perpendicular electric fields. Finally we used the Boltzmann transport theory to calculate the electrical conductivity in AA-stacked BLG, examining the effects of Coulomb and short-range scattering mechanisms. Our results showed that the short-range scattering, which can arise for example from point defect, yields a constant electrical conductivity which is independent of the applied perpendicular electric field and can only change by varying the substrate and of course by varying the short-range impur density. On the other hand, we found that the Coulomb-scattering-limited electrical conductivity can be tuned by applying a perpendicular electric field, showing a linear dependence on V 2 at small perpendicular electric fields. Moreover we found that when n s /n l increases the electrical conductivity shows a sub-linear dependence on V 2 at large perpendicular electric fields.
